Excited states of the N = 32 nucleus 54 Ti have been studied, via both inverse-kinematics proton scattering and one-neutron knockout from 55 Ti by a liquid hydrogen target, using the GRETINA γ-ray tracking array. Inelastic proton-scattering cross sections and deformation lengths have been determined. A low-lying octupole state has been tentatively identified in 54 Ti for the first time. A comparison of (p, p ′ ) results on low-energy octupole states in the neutron-rich Ca and Ti isotopes with the results of Random Phase Approximation calculations demonstrates that the observed systematic behavior of these states is unexpected.
I. INTRODUCTION
In atomic nuclei, collective low-energy octupole vibrations -like other collective vibrations -are coherent sums of one particle-one hole excitations. Of course, to contribute to octupole vibrations the particle-hole excitations must have J π = 3 − . For low-energy octupole states, that requires that a nucleon be promoted from a common parity orbit to an opposite parity high-j orbit that has been depressed in energy due to the spin-orbit force.
The occupation of the orbits involved in these particlehole excitations affects the systematic behavior of the octupole states in a predictable way across most of the nuclear landscape. For example, the low-energy octupole state in the N = Z = 20 isotope 40 Ca is composed primarily of excitations of both protons and neutrons from sd orbits to the f 7/2 orbit. When neutrons are added to 40 Ca, they occupy the f 7/2 neutron orbit, blocking J π = 3 − excitations of neutrons from the sd orbits. Therefore, fewer particle-hole excitations are available to contribute to the low-energy octupole state. At N = 28, the f 7/2 neutron orbit is full and neutron contributions to the low-energy octupole state are suppressed. As a result, the energy of the 3 − 1 state increases from 3737 keV in 40 Ca to 4507 keV in 48 Ca. The E3 excitation strength to the 3 − 1 state as measured by electron scattering decreases from 28(3) single particle units in 40 Ca to 9(2) single particle units in 48 Ca. By the same reasoning, adding neutrons to 48 Ca should provide additional particle-hole contributions to the lowenergy octupole state as excitations from the p 3/2 neutron orbit to the g 9/2 orbit become available. We would expect that this would result in a decrease in the energy of the low-energy octupole state and an increase in E3 strength as the neutron number increases above 48 Ca. However, a systematic experimental study of 3 [4, 5] , and Coulomb excitation [6] . However, these reactions do not favorably populate low-lying collective octupole states. The measurements of the present work allowed us to determine the energy and strength of the 3 − 1 state of 54 Ti and to examine the systematic behavior of octupole states in the neutron-rich Ca and Ti isotopes.
To provide a theoretical context for these experimental results, we also report the results of a Random Phase Approximation (RPA) study of low-energy octupole states in the Ca and Ti isotopes.
II. EXPERIMENTAL DETAILS
The experiment was performed at the CoupledCyclotron Facility of the National Superconducting Cyclotron Laboratory at Michigan State University (NSCL). The secondary beam was produced by the fragmentation of a 130 MeV/u 76 Ge primary beam in a 376 mg/cm 2 9 Be production target and separated by the A1900 fragment separator [7] . The momentum acceptance of the A1900 was 3%. A 45 mg/cm 2 aluminum achromatic wedge was used to further purify the sec- ondary beam by Z.
Secondary beam particles were identified upstream of the reaction target by energy loss in a silicon surface barrier detector and by time of flight from the A1900 extended focal plane to the S800 object scintillator. The incoming particle identification spectrum is shown in Figure 1 . The beam then passed through the NSCL/Ursinus College Liquid Hydrogen Target, based on the design of Ryuto et al. [8] . The target was installed at the target position of the S800 magnetic spectrograph [9] . Beamlike reaction products were identified downstream of the target by energy loss in the S800 ion chamber and time of flight from the S800 object scintillator to a scintillator in the focal plane of the S800. The secondary beam contained components spanning the range 14 ≤ Z ≤ 23, including 54,55 Ti. A total of 1.59×10 7 54 Ti and 8.71×10
6 55 Ti particles passed through the target during the measurement at rates of 39 particles/s and 21 particles/s, respectively. The liquid hydrogen was contained by a cylindrical aluminum target cell with 125 µm Kapton entrance and exit windows mounted on a cryocooler. The nominal target thickness was 30 mm. The target cell and cryocooler were surrounded by a 1 mm thick aluminum radiation shield with entrance and exit windows covered by 5 µm aluminized Mylar foil. The temperature and pressure of the target cell was 16.00(25) K and 868(10) Torr throughout the experiment. The variation in the temperature and pressure of the target cell correspond to a 0.3 % uncertainty in target density.
The Kapton windows of the target cell bulged significantly due to the pressure difference between the cell and the evacuated beam line. The effective thickness of the target was determined to be 258 mg/cm 2 by fitting geant4 simulations of the beam passing through the target to the measured kinetic energy distribution of the outgoing reaction products as described in Ref. [10] . The mid-target beam energy was 91.5 MeV/nucleon.
The GRETINA γ-ray tracking array [11, 12] , consisting of 28 36-fold segmented high purity germanium crystals packaged in seven clusters of four crystals each, was installed at the pivot point of the S800. In order to accomodate the liquid hydrogen target, the array was mounted on the north half of the mounting shell with two modules centered at 58
• , four at 90
• , and one at 122
• with respect to the beam axis.
III. EXPERIMENTAL RESULTS
The Doppler-corrected spectrum of γ rays measured in coincidence with incoming and outgoing 54 Ti particles, corresponding to the (p, p ′ ) reaction, is shown in panel (a) of Figure 2 . Panel (b) of the figure shows the γ-ray spectrum measured in coincidence with incoming 55 Ti and outgoing 54 Ti particles, corresponding to the one-neutron knockout reaction. The average projectile speed used in Doppler reconstruction was v/c = 0.41. The γ rays at 1495, 1002, and 1021 keV correspond to transitions observed in the β-decay study of Crawford et al [5] . An additional γ-ray at 1264 keV is observed for the first time. The γ-ray spectrum from (p, p ′ ) measured in coincidence with the 1264-keV γ ray is shown in panel (c) of Figure 2 . On this basis, we identify the 1264-keV transition as part of a cascade involving the 1495-keV 2
transition and one of the transitions in the unresolved 1002/1021-keV doublet.
The solid curve overlayed on the γ-ray spectrum col- Figure 2 is a fit of geant4 TABLE I. Level energies, spins and parities, γ-ray energies, and branching ratios (BR) from Ref. [5] , γ-ray energies, intensities relative to that of the 2
transition, and branching ratios (BR), and cross sections from the present work.
Ref. [5] Present work
1495.0(3) 2 simulations of the response of GRETINA to the observed γ rays and prompt and non-prompt background using the method described in Ref. [10] . The γ-ray energies and intensities extracted from the fits are listed in Table I along with the branching ratios. Also included are level energies, γ-ray energies and branching ratios from Ref. [5] . The 2517-keV (2
transition observed in the beta-decay study of Crawford et al. [5] was included in the fit. The best-fit yield of this γ ray is consistent with zero. The upper limit on its intensity in Table I is based on the statistsical uncertainty from the fit. A fit assuming the branching ratio to the 2517-keV transition observed in Ref. [5] is not consistent with our spectrum.
A partial level scheme for 54 Ti including states populated in the present work is shown in Figure 3 . The level scheme, with the exception of the new state at 3780 keV, corresponds to that established in Ref. [5] . We place the 1264-keV transition feeding the (2 + 2 ) state at 2497 keV on the basis that the measured relative intensity of the 1264-keV γ ray is significantly greater than that of the 1002-keV γ ray. Using this level scheme, we applied feeding corrections to the measured γ-ray yields to determine the cross sections for populating excited states via proton scattering that are listed in Table I .
We make a tentative assignent of J π = 3 − to the state at 3780 keV because it has a large (p, p ′ ) cross section, it decays to the (2 + 2 ) state and it is in the broad energy range associated with low-energy octupole states in this mass region [1, 13] .
The absence of the 1264-keV γ ray from the neutron knockout spectrum is consistent with the 3 − 1 assignment for the 3780-keV state for reasons that will be explained below.
We used the coupled-channels code ECIS95 [14] and the global optical potential of Ref. [15] to determine deformation lengths from our measured cross sections for inelastic scattering to the 2 
IV. RANDOM PHASE APPROXIMATION CALCULATIONS
The distribution of isoscalar E3 strength is computed in a relativistic random phase approximation (RPA) using three effective interactions that have been calibrated to the properties of finite nuclei: NL3 [16, 17] , FSUGold [18] , and FSUGarnet [19] . The development of FSUGold used NL3 as a starting point, and FSUGarnet is a refinement of FSUGold that has been fitted to a few giant monopole energies and to well-established properties of neutron stars [20] . Moreover, FSUGarnet predicts that the isotopic chain in oxygen can be made to terminate at 24 O, as has been observed experimentally [21] . The parameters for the three relativistic models are tabulated in [22] .
The implementation of the RPA formalism adopted here is rooted in a non-spectral approach that allows for an exact treatment of the continuum without any reliance on discretization. This is particularly critical in the case of weakly-bound nuclei with single-particle orbits near the continuum. The discretization of the continuum is neither required nor admitted. The relativistic RPA formalism as implemented here has been reviewed extensively in earlier publications; see for example Refs. [23, 24] and references contained therein. In the context of the isoscalar monopole response of the neutronrich calcium isotopes, the details of the formalism are described in [22] .
The [25] . Both the LEOS and LEOR are composed of 1hω one particle-one hole excitations. However, the LEOS is composed of excitations to the high-spin "intruder" orbit that is pushed down by the spin-orbit force from the major shell 1hω above. The LEOR includes excitations to the rest of the major shell 1hω above.
For N < 28 Ca isotopes, the LEOS is composed mostly of excitations of both protons and neutrons from the sd shell to the f 7/2 orbit. The LEOR is mostly composed of excitations from the sd orbits to the p 3/2 , p 1/2 and f 5/2 orbits.
In Figure 4 , the RPA calculation clearly shows the behavior we expect in the simplest picture of octupole vibrations. The maximum number of excitations from the sd shell to the f 7/2 orbits is available in N = Z = 20 40 Ca. Therefore, the strength of the LEOS is at a maximum and the energy of the LEOS is at a minimum in that isotope. As neutrons are added to 40 Ca, the increasing occupation of the f 7/2 neutron orbit blocks neutron contributions to the LEOS. As a result, the strength of the LEOS decreases and its energy increases until 48 Ca is reached and the LEOS energy reaches a maximum and the E3 strength reaches a minimum.
V. SYSTEMATIC BEHAVIOR OF LOW-ENERGY OCTUPOLE STATES IN Ca AND Ti ISOTOPES
Before we examine the results of the calculations for the Ti isotopes, including 54 Ti which is the focus of the present work, we compare the results of the RPA calculations for Ca isotopes to the data. Figure 5 compares the RPA results using the three models to the energies and E3 strengths of the LEOS in 40,42,44,46,48 Ca. The energies of states shown in Figure 5 are taken from compilations [26] [27] [28] [29] [30] . The E3 strengths are from electron scattering (also taken from the compilations), which provides a uniform data set for these isotopes. The points labeled "All 3
− " are explained in the next paragraph. If we only look at the 3 − 1 states in Figure 5 , we see an energy trend that we do not expect for the LEOS. As neutrons are added to 40 Ca, the energy of the 3 Figure 6 and compared to the RPA result for 40 Ca. The RPA calculation predicts that when neutrons are added to 48 Ca the E3 strength of the LEOS increases quickly and the energy declines. The calculated E3 strength increases by more than a factor of three from 48 Ca to 52 Ca, reaching a value comparable to that in 40 Ca. The origin of the increase in E3 strength and decrease in LEOS energy as neutrons are added to 48 Ca in the RPA calculation is straightforward to understand. The neutrons added to 48 Ca mostly occupy the p 3/2 orbit, adding one neutron-one neutron hole excitations to the g 9/2 orbit for the LEOS wavefunction. We note, however, that the g 9/2 orbit is predicted to be in the continuum, so the non-spectral approach adopted here offers a distinct advantage over the spectral approach. Figure 7 compares the RPA results with data on octupole states in 48,50,52 Ca from Ref. [1] , in which these isotopes were studied via the (p, p ′ ) reaction in inverse [1] using the prescription given in Ref. [13] and the real radius parameters from Ref. [15] . The E3 strength is constant, in contrast with the RPA prediction that rises sharply. So the experimental results for 50,52 Ca can be considered unexpected.
However, it is important to note that the radioactive beam experiment from which the results in Figure 7 were extracted only yielded the observation of a single 3 − state in each nucleus. It is possible that the LEOS is fragmented in 50,52 Ca and that this fragmentation was not observed in the experiment. Figure 8 shows the results of RPA calculations for 48 Ca and 50,52,54 Ti. The calculations predict that the N = 28 isotope 50 Ti has a somewhat smaller E3 strength in the LEOS than 48 Ca because the two additional protons occupy the f 7/2 orbit and block some of the one proton-one hole excitations from the sd shell that contribute to the LEOS in 48 Ca. However, a much larger change to the E3 strength occurs when neutrons are added to 50 Ti: the calculation predicts that the E3 strength in 54 Ti is four times higher than in 50 Ti. As in the N > 28 Ca isotopes, that rapid increase in the calculated E3 strength is driven by the occupation of the p 3/2 neutron orbit which states from proton scattering in inverse kinematics (Ref. [1] and the present work).
makes available one neutron-one hole excitations to the unbound g 9/2 orbit.
However, the present (p, p ′ ) results show that the E3 strength to the 3 − 1 state in 54 Ti is approximately equal to the corresponding strength in 48 Ca, as shown in Figure  7 . Once again, the calculations can be understood in a − states in these isotopes should be performed to determine whether fragmentation causes the discrepancy between the data and the calcuation or whether the strength of the LEOS is quenched. 
